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Abstract To test the hypothesis that whole-body heat

acclimation (HA) would increase peripheral blood mono-

nuclear cells’ (PBMC) tolerance to heat shock (HS) and/or

alter the release of cytokines (IL-1b, IL-6, IL-10 and TNF-

a) to bacterial lipopolysaccharide (LPS), we heat accli-

mated nine subjects by exercising them for 100 min in a

hot environment for 10 days. The subjects’ PBMC were

separated and cultured on days 1 and 10 of HA pre- and

post-exercise. Pre-exercise PBMC were allocated to three

treatments: control (PRE, 37�C), HS (42.5�C for 2 h), or

LPS (1 ng mL-1 for 24 h). Post-exercise samples were

incubated at 37�C. PBMC lactate dehydrogenase release

increased (p \ 0.05) after HS but it was not different

(p [ 0.05) between days 1 and 10 (0.100 ± 0.012 and

0.102 ± 0.16 abs., respectively). LPS treatment induced an

increased (p \ 0.05) release of cytokines but HA did not

alter this response (p [ 0.05). Pre-exercise intracellular

heat shock protein 72 (Hsp72) was higher (p \ 0.05) on

day 10 compared to day 1 of HA (13 ± 5 and

8 ± 5 ng mL-1, respectively). HS treatment caused a

greater increase (p \ 0.05) in Hsp72 than the exercise

sessions on HA days 1 and 10. In addition, after HA, the

Hsp72 response to HS was reduced (day 1, 129 ± 46; day

10, 80 ± 32 ng mL-1, p \ 0.05). In conclusion, HA

increases PBMC Hsp72 but it does not reduce cellular

damage to HS or alter cytokine response to LPS. We

speculate that the stress applied during HA is not sufficient

to modify the PBMC response.
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Introduction

Exertional heat stroke is a life threatening condition, which

involves hyperthermia associated with a systemic inflam-

matory response, encephalopathy, and multi-organ dys-

function (Bouchama and Knochel 2002; Leon and Helwig

2010). It is proposed that hyperthermic stress, exercise-

associated changes (i.e., acidosis, hypovolemia, ischemia/

hypoperfusion, reactive oxygen species), and an inflam-

matory response are responsible for tissue dysfunction and

injury, leading to exertional heat stroke (Moseley and

Gisolfi 1993). An increase in permeability of intestinal

tight junction barriers and impairment of the reticuloen-

dothelial system in the liver may facilitate the leakage of

gram-negative bacterial endotoxin (lipopolysaccharide,

LPS) from the intestine to the systemic circulation

(Moseley 1997). The presence of LPS activates leukocytes

and endothelial cells initiating a dysregulated systemic

inflammatory response (Téllez-Gil et al. 2002; Lim and

Mackinnon 2006; Leon and Helwig 2010). Patients suf-

fering from heat stroke frequently present an excessive

accumulation of pro-inflammatory cytokines [tumor

necrosis factor alpha (TNF-a) and interleukin-1 (IL-1b)] in

the systemic circulation (Chang 1993; Bouchama et al.

1991; Lu et al. 2004). It is suggested that high concentra-

tion of pro-inflammatory cytokines mediate tissue injury
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and disseminated intravascular coagulation in the patho-

genesis of inflammatory disorders such as heat stroke

(Bouchama and Knochel 2002; Téllez-Gil et al. 2002).

In isolated cells and animal models, a single exposure to

sublethal heat stress offers protection against a subsequent

lethal heat shock (Mizzen and Welch 1988; King et al.

2002). This state, referred as thermotolerance, is associated

with intracellular accumulation of heat shock proteins. The

72 kDa heat shock protein (Hsp72) is the most heat sen-

sitive and highly inducible heat shock protein. Hsp72 is

recognized by its primary intracellular function to prevent

protein denaturation and to enhance protein recovery in

response to hyperthermic stress (Gething and Sambrook

1992; Kregel 2002). Besides this heat-related function,

more recently reports have demonstrated that induction or

over-expression of Hsp72 in isolated cells or whole-body

animals inhibits LPS-induced cytokine production (Ding

et al. 2001; Shi et al. 2006; Sun et al. 2005). Shi et al.

(2006), for example, reported that elevation of Hsp72

either by activation of the heat shock response (heat shock

treatment) or through genetic manipulation of the hsp70.1

gene, downregulates cytokine expression in macrophages.

Similarly, Ding et al. (2001) transfected human monocytes

with Hsp72 cDNA and found significant inhibition of

TNF-a, IL-1b, IL-10 and IL-12 production. Taken together,

these results suggest that intracellular accumulation of

Hsp72 is associated with a reduction in heat stress-induced

cellular damage and inflammatory cytokine synthesis.

Unlike thermotolerance, whole-body heat acclimation

(HA) involves repeated periods of exercise in a hot envi-

ronment with mild elevations in core temperature (usually

38.5–39.5�C) (Moseley 1997). HA induces improvements

in heat dissipation, such as an earlier and higher sweat rate,

and other physiological responses such as lower resting and

exercise core temperatures and increased plasma volume

(Wyndham 1967; Wyndham et al. 1976). At the cellular

level, we (Yamada et al. 2007) and others (McClung et al.

2008; Magalhães et al. 2010) recently reported that HA in

humans induces increases in Hsp72 content in peripheral

blood mononuclear cells (PBMC). The increase in intra-

cellular Hsp72 suggests that HA mirrors the thermotolerant

state and may help maintain intestinal tight junction bar-

riers, increase tolerance for gut-associated endotoxin

translocation, or down-regulate cytokine production pre-

venting heat stroke outcomes. Additionally, it is interesting

to know if the increase in ex vivo PBMC Hsp72 after

10 days of heat acclimation is comparable with increases

after a heat shock at a temperature previously reported to

induce thermotolerance. McClung et al. (2008) observed

that a HA program affected the ex vivo heat shock (43�C)

expression of Hsp72 in isolated PBMCs pre-exercise but

not post-exercise on days 1 and 10 of heat acclimation.

Therefore, we sought to determine if whole-body HA is

able to reduce PBMC injury to ex vivo heat shock and

modify cytokine responses following LPS exposure. Our

first purpose was to determine whether HA alters ex vivo

PBMC injury following a heat shock. Ex vivo PBMC

injury was assessed by lactate dehydrogenase (LDH)

release. LDH is normally retained in the cytoplasm and

released when the cellular membrane is ruptured. Since HA

induces an increase in intracellular Hsp72, and an increased

level of intracellular Hsp72 is associated with lower heat

injury, we hypothesized that HA would reduce PBMC

LDH release following an ex vivo heat shock. Our second

purpose was to determine whether HA alters ex vivo

PBMC release of anti- and pro-inflammatory cytokines

after stimulation with LPS. Since LPS stimulates PBMC to

release cytokines, we hypothesized that HA would reduce

the release of pro- and anti inflammatory cytokines

(TNF-a, IL-b, IL-6 and IL-10) by an Hsp72 associated

mechanism. Finally, our third purpose was to compare the

ex vivo post-exercise PBMC Hsp72 after 10 days of heat

acclimation to an ex vivo heat shock (42.5�C).

Materials and methods

Subjects

Twelve physically active (10 male and 2 female), non-

smoking, healthy subjects (mean ± SD; age, 25 ±

3 years; body weight, 74.0 ± 6.4 kg; maximum oxygen

uptake, 54.5 ± 9.5 mL kg-1 min-1; body fat, 14.0 ±

7.9%) participated in this study. All subjects had less

than two positive cardiovascular risk factors (ACSM

2000) and a percent body fat (measured using skinfolds)

lower than 15% for men and 30% for women. They also

had an above-average aerobic fitness level (maximum

oxygen uptake [35 mL kg-1 min-1 for women and

[40 mL kg-1 min-1 for men) (Heyward 2006). Subjects

were excluded from the study if they had a history of

heat illness, known diseases or viral infections, or were

taking vitamin supplements or other medications that

would affect Hsp72, exercise, or thermoregulatory

responses. For at least 2 months before and during the

study, the subjects reported not having used saunas or

thermal spas. Data collection was conducted during the

winter and spring months to minimize any effect of heat

acclimatization. The two female subjects were taking a

monophasic oral contraceptive and all trials were con-

ducted during the 3 weeks of stable hormone intake. The

University of New Mexico Institutional Review Board

approved the protocol for this study. Prior to participa-

tion, subjects were informed regarding the possible risks

and discomforts involved, and their written consent was

obtained.
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Maximum oxygen uptake test

Each subject performed a continuous graded treadmill test

(Precor, model 966I, Woodinville, WA) to determine his or

her maximum oxygen uptake (VO2peak). The protocol

consisted of 1-min stages with an initial increase in speed

of 1.6 km h-1 (1 mph) every min until a maximal tolerable

speed, and then increments of 2% in grade until volitional

fatigue. VO2peak was defined as the highest 30-s average

using breath-by-breath data collection. The attainment of

VO2peak was considered if two of the following criteria

were meet: (a) a plateau (DO2 150 mL min-1) in O2 with

increase in workload, (b) maximal respiratory exchange

ratio higher than 1.1, and (c) maximal heart rate (HR)

higher than 95% of the age-predicted maximum (220 -

age). Equipment calibrations were conducted immediately

before each test. The exercise test was carried out in a

temperate room (22–24�C dry bulb temperature, 30–40%

relative humidity). VO2 was measured from data collected

with a fast response turbine flow transducer (KL Engi-

neering, model S-430, Van Nuys, CA) and O2 and CO2

electronic gas analyzers (AEI Technologies, Model S-3A

and Model CD-3, Pittsburgh, PA). VO2 was calculated

using custom developed software (LabVIEW, National

Instruments, Austin, TX).

Whole-body heat acclimation protocol

At least 48 h after the VO2peak test, subjects returned to

the laboratory to begin the HA protocol. Each subject had

10 exercise-heat exposures within a 14-day period. Sub-

jects were advised to refrain from vigorous exercise, caf-

feine, and alcoholic beverages for at least 24 h before each

HA session. They were instructed to eat a high carbohy-

drate meal on the day before each HA session (they were

given a list of foods high in carbohydrate) and to drink

500 mL of water 2 h before arrival to the laboratory. The

night before each HA session, each subject ingested a

telemetric temperature sensor capsule (Jonah, Mini Mitter

Co, Bend, Oregon). Ingesting the capsule the night before

each HA session ensured that it would be located in the

intestinal tract and be unaffected by water ingestion. A

receiver (Vital Sense, Mini Mitter CO, Bend, Oregon) and

another telemetry capsule were provided to the subjects to

check if the capsule was present in the body on the morning

before each subsequent HA session. If not detected, the

subject ingested another capsule. All of the capsules were

calibrated using a water bath and certified thermometer

(National Institute of Standards and Technology traceable

thermometer, Fisher Scientific, Waltham, MA).

Upon arrival to the laboratory, the subjects provided a

urine sample and verified they had followed the dietary and

exercise restrictions. They were considered hydrated if

urine specific gravity (handheld clinical refractometer,

RHC 200ATC) and urine osmolality (Advanced Instru-

ments Inc, Norwood, MA) were lower than 1.030 and

600 mOsmol kg-1, respectively. If dehydrated, an addi-

tional 500 mL of water was ingested, and 30 min later

urine osmolality and specific gravity were again assessed

using the criteria above. In sequence, baseline nude body

weights were measured, and then subjects dressed in a

t-shirt, shorts, socks, and athletic shoes. The subjects next

sat and were instrumented with a heart rate transmitter

strap (S810i series, Polar, USA).

After 20 min of seated rest, a baseline, posture-con-

trolled non-stasis blood sample (total of 17 mL) was drawn

by venipuncture from an antecubital vein and treated with

heparin. Blood samples were obtained on days 1 and 10

pre- and post-HA session. Subjects then entered the envi-

ronmental chamber and stood quietly while baseline mea-

surements were taken. The environmental chamber was

controlled at 42�C and 30% relative humidity, and ambient

conditions were monitored every 5 min using a portable

heat stress monitor (hs-3600, Quest technologies inc, WI).

The measured conditions during the heat exposures aver-

aged 42.5 ± 0.18�C dry bulb temperature, 25.9 ± 0.4�C

wet bulb temperature, 30.6 ± 0.3�C wet bulb globe tem-

perature (WBGT index), and less than 1 m s-1 air flow.

Each HA session started with a 5-min warm-up by walking

at 5.6 km h-1 (3.5 mph) and 0% grade. Then treadmill

speed and grade were increased to levels that required 56%

VO2peak. On the first day of HA the exercise intensity was

confirmed by measuring O2 consumption after 20 min into

the trial using the methods described above. The subjects

either walked or ran (ranged from 6.1 to 10.0 km h-1 and

0–4% grade) for 100 min, divided into two 50-min exercise

bouts separated by 15 min of rest. Gastrointestinal tem-

perature (Vitalsense, Mini Mitter Co, Bend, Oregon) was

measured at 15 s intervals. Heart rate was recorded by a

Polar watch (S810i series, Polar, USA) at 5 s intervals.

Water ingestion was allowed ad libitum during the entire

HA session. Each subject walked under the above condi-

tions until his or her core temperature reached 39.0�C or

HR reached 95% of his/her maximum HR. The heat stress

trial was terminated earlier if the subject experienced

symptoms of exertional heat illness (severe nausea, light

headedness, ataxia or confusion) or upon subject request. A

post-exercise, non-stasis blood sample was obtained in the

sitting position immediately upon reaching the termination

criteria above. Then, final nude body weight was obtained

for sweating sensitivity calculation. Sweating sensitivity

was calculated by the differences in pre- and post-nude

body weight (assuming 1 kg equals 1 L) corrected for fluid

intake and any urine output, divided by the change in core

temperature from the pre- to post-exercise exercise value,

and expressed as L 8C-1.
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PBMC isolation and culture

On days 1 and 10 of HA, PBMC cells were isolated at room

temperature (20–22�C) by adding 10 mL of Histopaque

[Sigma-Aldrich 1077 (5 mL) and 1119 (5 mL)] to 10 mL

of the whole blood and centrifuging at 700g for 35 min

(22�C). The cells were collected and washed three times

(with centrifugation at 200g for 10 min) using Roswell

Park Memorial Institute 1640 medium (with L-glutamine,

Invitrogen, Carlsbad, CA) supplemented with 10% fetal

bovine serum (Invitrogen, Carlsbad, CA) and 100 lg

mL-1 antibiotic penicillin/streptomycin (Invitrogen,

Carlsbad, CA). During the second wash, cells were counted

on a hemacytometer using 0.4% Trypan blue (Sigma, St.

Louis, MO). Viability was expressed as a percentage, and

was always higher than 95%. Cell pellets of pre- and

post-exercise samples on days 1 and 10 were resuspended

in RPMI as described above, and plated in 6-well plates

at a concentration of 1 9 106 cells per well. The pre-

exercise samples were allocated to three treatments: pre-

acute bout of exercise in the heat (PRE, also considered

as a control), heat shock (HS), or LPS. The three treat-

ments were initially incubated at 37�C and 5% CO2

continuously for 24 h, then the HS treatment was exposed

to a water bath at 42.5�C (5% CO2) for 2 h. This tem-

perature was chosen to cause damage and to approximate

a sublethal heat stress shock that cause thermotolerance,

as showed previously (Mizzen and Welch 1988; King

et al. 2002; McClung et al. 2008). The LPS treatment

consisted of exposure to LPS at a concentration of

1 ng mL-1 (Escherichia coli O55:B5, Sigma-Aldrich, St.

Louis, MO) (Wischmeyer et al. 2003). This LPS dose has

been shown to be submaximal and increase cytokine

concentrations (Asai et al. 2001; Myrianthefs et al. 2002).

The PRE and post-acute bout of exercise in the heat

(POST) cells were maintained at 37�C and 5% CO2

throughout the entire experiment. Figure 1 represents all

the treatments that were applied to PBMC. All treatment

cells were harvested after 48 h of incubation, and cell

pellets and supernatants were stored at -20�C.

Hsp72 measurement

A commercially available enzyme-linked immunosorbant

assay (ELISA, EKS-700B, Assay Designs, Ann Arbor,

MI) was used to determine Hsp72 concentration in all

PBMC samples. Briefly, cells were lysed using extraction

reagent (#80-1526, Assay Designs, Ann Arbor, MI) with

the addition of 0.1 mM protease inhibitor phenylmeth-

ylsulphonyl fluoride (PMSF) and protease inhibitor

cocktail (Sigma-Aldrich, St. Louis, MO). Samples were

homogenized and the supernatants collected. Supernatant

extracts and known amounts of a protein standard

(bovine serum albumin) were incubated with Bradford

reagent and absorbance was measured at 595 nm. Sam-

ples with 5 lg of total protein and a standard curve

ranging from 0.78 to 50 ng mL-1 (r2 [ 0.99) were used

to determine Hsp72 concentration. All samples were

analyzed in duplicate, and absorbance was read at

450 nm (MolecularDevices, Versamax Tunable Micro-

plate Reader, Sunnyvale, CA). The ELISA sensitivity is

reported to be 0.2 ng mL-1, and intra-assay coefficient

of variance, 4.7%.

Cytokine measurements

PBMC stimulated with LPS culture supernatants were

assayed for TNF-a, IL-1b, IL-6 and IL-10 by commer-

cially available ELISA kits (Cat. No. 550610, 557953,

555220, 555157, respectively, BD OptEIA, BD Pharm-

ingen, San Jose, CA) according to the manufacture

instructions. Briefly, PBMC culture supernatants (100 lL)

or known standard concentration were added to wells

coated with monoclonal capture antibody. After the wells

were washed, a biotinylated antibody conjugated to

streptavidin–horseradish peroxidase was added to the

well. The wells were again washed and a tetramethyl-

benzidine substrate solution was added. Then, a stop

solution was added (1 M H3PO4) and absorbance measured

at 450 nm by a microplate reader (MolecularDevices,

Versamax Tunable Microplate Reader, Sunnyvale, CA).

Fig. 1 Representation of all the

treatments that were applied to

PBMC
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Standard curves were determined from known standards

and sample cytokine concentrations were calculated. The

ELISA sensitivity for TNF-a, IL-1b, IL-6 and IL-10 is

reported to be 2.0, 0.8, 2.2 and 2.0 pg mL-1, respectively.

The intra and inter-assay coefficient of variance reported

are not higher than 10%.

Cell injury

Cell injury was assessed by LDH release into the culture

supernatants of control and heat shock PBMC on days 1

and 10 of HA (CytoTox96 Non-radioactive Cytotoxicity

Assay, Promega, Madison, WI). The protocol consisted of

adding 100 lL of PBMC culture supernatants and 100 lL

CytoTox-ONETM reagent to each well, and shaking for

30 s. Then the plate was incubated for 10 min at room

temperature. 50 ll of stop solution (Promega, Madison,

WI) was added to each well, and absorbance was measured

with an emission wavelength of 490 nm (MolecularDevices,

Versamax Tunable Microplate Reader, Sunnyvale, CA).

Each sample was assayed in duplicate, and the results were

averaged.

Statistical analyses

Data are presented as means ± SE unless otherwise

indicated. Exercise duration, peak heart rate, resting and

peak core temperature and sweat sensitivity on days 1 and

10 were compared using dependent t tests. Hsp72 con-

centrations were analyzed using dependent t test (pre-

exercise day 1 and 10) or a 2-factor analysis of variance

with repeated measures design, where factor 1 = heat

acclimation day (1 or 10), and factor 2 = the cell culture

treatment (post-exercise or heat shock, for research pur-

pose 3). LDH results were analyzed using a 2-factor

analysis of variance with repeated measure design, where

factor 1 = heat acclimation day (1 or 10) and factor

2 = treatment (pre-exercise or heat shock, for research

purpose 1). Cytokine concentrations (TNF-a, IL-1b and

IL-6) were analyzed using a 2-factor analysis of variance

with repeated measure design, where factor 1 = heat

acclimation day (1 or 10) and factor 2 = treatment (pre-

exercise or LPS, for research purpose 2). IL-10 was

analyzed by using a paired t test, because the values were

undetectable before LPS stimulation. Post hoc tests were

done using a Tukey’s honest significant difference test.

Based on a priori power analyses from data in similar

study (Sonna et al. 2002), 9 subjects would result in a

96% probability of detecting significant differences in

Hsp72, with a power of 0.8. All statistical analyses were

performed using a PC-based software (Statistica Inc,

version 7, Tulsa, OK). The level of statistical significance

was set at p \ 0.05.

Results

Twelve subjects were recruited for this study, however,

one subject was not able to complete the study due to

irritation of a previous hip injury, and data from two

subjects could not be included due to missing samples

and technical difficulties during the PBMC culture. The

physical characteristics of the nine subjects whose data

were analyzed (7 male and 2 female) are shown in

Table 1.

Heat acclimation

Heat acclimation was confirmed as the subjects were

able to exercise in the hot environment longer

(52 ± 27 min on day 1 and 115 ± 0 min on day 10,

p \ 0.001) with lower resting and final core tempera-

tures, and lower peak heart rates (p \ 0.01, Fig. 2).

Sweating sensitivity also was increased after HA

(0.98 ± 0.41 L 8C-1 on day 1 and 1.89 ± 0.41 L 8C-1

on day 10, p \ 0.001).

PBMC Hsp72 response after heat acclimation and heat

shock

Figure 3 illustrates PBMC Hsp72 concentrations measured

pre-exercise on heat acclimation days 1 and 10. PBMC

Hsp72 concentration on day 10 was higher than day 1 of

HA (p = 0.007).

Heat shock induced a much greater increase in Hsp72

than an acute bout of exercise alone on days 1 and 10

[(F (1,8) = 52.3, p \ 0.001]. While HA had no effect on

the Hsp72 post- acute bout of exercise, it did blunt the

Hsp72 response when PBMC were heated to 42.5�C

[(F (1,8) = 8.24, p = 0.021] (Fig. 4).

PBMC LDH response to heat shock

LDH release by PBMC, as an indicator of cell injury, was

increased after heat shock (42.5�C for 2 h) [(F (1,7) =

26.8, p = 0.001] on both day 1 and day 10 of heat accli-

mation (Fig. 5). There was no significant effect of HA

[(F (1,7) = 0.25, p = 0.634] nor a significant interaction

effect between HA and heat shock [(F (1,7) = 0.06,

p = 0.814], indicating that HA did not reduce the cell

injury after ex vivo heat shock.

PBMC cytokines response to LPS exposure

Figures 6 and 7 illustrate the pro- and anti-inflammatory

cytokine concentrations (TNF-a, IL-1b, IL-6 and IL-10)

in PBMC culture supernatants with or without LPS on

days 1 and 10 of HA. LPS exposure induced an increase
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in TNF-a [(F (1,8) = 31.9, p \ 0.001], IL-1b
[(F (1,8) = 25.3, p = 0.001], IL-6 [(F (1,8) = 29.3,

p \ 0.001] and IL-10 (p = 0.001) both on days 1 and 10.

HA did not alter the release of any of these pro- and anti-

inflammatory cytokines (p [ 0.05). Of note, pre-exercise

PBMC IL-10 was undetectable (Fig. 7).

Discussion

The main purpose of the present study was to investigate if

whole-body HA in humans reduces ex vivo PBMC injury

to heat shock, or modifies the anti- or pro-inflammatory

cytokine release after LPS exposure. We found that

although HA increased HSP 72 concentrations in the

PBMC cells, it had no effect on reducing ex vivo PBMC

injury after heat shock and did not alter anti- and pro-

inflammatory cytokine release after LPS exposure.

Our heat acclimation process induced physiological

changes similar to previous studies of heat acclimation in

humans (Wyndham 1967; Wyndham et al. 1976). Our

volunteers exhibited the classic lowering of resting and

Table 1 Subject physical characteristics

Age (years) Weight (kg) Height (cm) Body fat (%) VO2peak (mL kg-1 min-1)

25 ± 3 75.4 ± 5.2 178 ± 6 14.9 ± 7.9 53.1 ± 8.4

Values are mean ± SD, n = 9

Fig. 2 Physiological changes induced by heat acclimation. a Peak

heart rate achieved during the heat acclimation session on days 1 and

10; b resting core temperature on days 1 and 10; and c peak core

temperature achieved on days 1 and 10. Values are mean ± SE,

n = 9. *Significant difference between day 1 and 10 of heat

acclimation (p \ 0.05)

Fig. 3 PBMC Hsp72 concentrations measured pre-exercise in the

heat on day 1 and 10 of heat acclimation. Values are mean ± SE,

n = 9. *Significant difference where day 10 is higher than day 1

Fig. 4 PBMC Hsp72 concentrations measured post-exercise and

after heat shock on day 1 and 10 of heat acclimation. Values are

mean ± SE, n = 9. Open bars post-exercise, solid bars after heat

shock. *Significant main effect where after heat shock is higher than

post-exercise. #significant difference where day 1 is higher than day

10
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peak core temperatures, lower peak heart rate, and higher

sweat sensitivity following heat acclimation. On the first

day of heat acclimation all the tests were terminated early

because subjects reached the core temperature criteria of

39�C (6 tests) or heart rate criteria (3 tests). Over the days

of heat acclimation, heat strain was reduced and all sub-

jects were able to complete the protocol (100 min) with a

lower final core temperature (average of 38.3�C). At the

cellular level, we observed that heat acclimation induced

increases in intracellular PBMC Hsp72 concentration. Our

results are in accordance with three previous human stud-

ies, which reported increases in intracellular Hsp72 after a

period of 10 days of heat acclimation (McClung et al.

2008; Yamada et al. 2007; Magalhães et al. 2010). Using a

rat model, Leoni et al. (2000) observed increases in liver

intracellular Hsp72 levels in rats heat exposed 30 min daily

for four consecutive days at an environment temperature of

39�C. Maloyan et al. (1999) have also reported that long-

term (30 days) continuous mild heat exposure (34�C) in

rats induced increases in intracellular Hsp72 levels in the

heart. Although different protocols and species, the above

results suggest that long- or short-term heat acclimation

with or without exercise may increase Hsp72 in different

tissues of the body.

Hsp72 plays a crucial role in protecting cells against

heat stress. Hsp72 binds to denatured proteins and facili-

tates proper folding to restore cellular function (Mizzen

and Welch 1988). This cellular protection could have

impact on the whole organism’s ability to tolerate heat

stress. For example, during heat stress a high core tem-

perature may cause intestinal cell dysfunction, allowing

LPS to leak into the portal circulation (Moseley and Gisolfi

1993). A report from our laboratory showed that Hsp72

plays an important protective role in preventing heat-

induced disruption of tight junction barrier in isolated

Caco-2 intestinal human epithelial monolayers (Dokladny

et al. 2006). Since our heat acclimation protocol induced

increases in baseline Hsp72 PBMC, we proposed that heat

acclimation would reduce ex vivo PBMC injury, as

Fig. 5 Lactate dehydrogenase absorbance measured in PBMC cul-

ture supernatants of pre-exercise samples on days 1 and 10 and heat

shock on days 1 and 10. Values are mean ± SE, n = 8. Open bars
control, solid bars heat shock. *Significant main effect where LDH is

higher after heat shock than before heat shock for samples from HA

days 1 and 10

Fig. 6 Cytokine concentrations measured in pre-exercise and LPS

exposed PBMC culture supernatants on days 1 and 10. Values are

mean ± SE, n = 9. a TNF-a concentration, b IL-1b concentration,

and c IL-6 concentration. Values are mean ± SE. Open bars control,

solid bars LPS. *Significant main effect where LPS is higher than

control

Fig. 7 IL-10 concentration measured in PBMC culture supernatants

exposed to LPS on days 1 and 10. Values are mean ± SE, n = 8
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measured by LDH, following a heat shock challenge. Our

results showed that heat shock did increase LDH indicating

cellular injury, but heat acclimation did not reduce the

LDH release. This result does not support our hypothesis

and is not in agreement with the previous literature in

cultured cells (Ding et al. 2001) and animals (Wang et al.

2005) which have shown that an up regulation in heat

shock protein reduced cell injury. It is possible that our

volunteers already had high baseline levels of Hsp72

because most of them exercised on a regular basis, and

therefore the increase with heat acclimation was not suf-

ficient to alter the cellular injury response to heat shock.

For example, five of our volunteers had a VO2peak over

55 mL kg-1 min-1 and exercised vigorously more than

4 days a week on the regular basis. The other four subjects

exercised at least twice a week. Previous studies have

shown that a single 1-h bout of moderate intensity exercise

in a cool environment can raise core temperature over

38.5�C and result in an increase in PBMC Hsp72 (Feh-

renbach et al. 2001). Moreover, using a rat model Hung

et al. (2005) showed that 3 weeks of exercise training in a

cool environment increased Hsp72 concentration in mul-

tiple organs and protects against hyperthermia, circulatory

shock, and TNF-a overproduction during heatstroke com-

pared to the sedentary group.

Recent studies have shown that Hsp72 also alters pro-

teins and genes recognized to be involved in inflammatory

responses (Chen et al. 2005; Sun et al. 2005; Zheng et al.

2008). The nuclear factor kappa B transcription factor

(NFjB) is involved in immune and inflammatory respon-

ses, altering the expression of cytokines, chemokines, cell

adhesion molecules, growth factors, and immunoreceptors

(Lee and Burckart 1998). In heat stroke patients, LPS

presence in the systemic circulation results in a dysregu-

lated inflammatory response with high levels of cytotoxic

mediators, such as pro-inflammatory cytokines (Bouchama

et al. 1991). These pro-inflammatory mediators injure the

vascular endothelium causing disseminated intravascular

coagulation and microthrombosis, contributing to multiple

organ failure and death (Bouchama et al. 1991). It has been

suggested that increased levels of Hsp72 induced through

heat shock can interact with NFjB inhibitor protein, IjB,

and prevent NFjB dissociation, thus preventing the

expression of cytotoxic mediators (Jo et al. 2006). There-

fore, we proposed that heat acclimation would reduce the

release of pro-inflammatory cytokines (TNF-a and IL-1b),

and increase the release of anti-inflammatory cytokines

(IL-6 and IL-10) in PBMC after exposure to LPS. Our

results confirmed that LPS increased pro- and anti-

inflammatory cytokines but heat acclimation did not alter

these cytokine responses. Thus again, our results do not

support our hypothesis or the previous mentioned studies

(Ding et al. 2001; Sun et al. 2005; Shi et al. 2006). It is

important to note that those previous studies used more

severe methods to induce Hsp72 (sublethal heat shock),

such as temperatures close to 42�C, using isolated cells,

whereas in the present study, the highest core temperature

attained was 39�C on the first few days of HA. Our heat

acclimation program may not have induced a sufficient

heat challenge to increase Hsp72 enough to modify the

cytokine responses. Our HA program induced less the 1

time increase in PBMC Hsp72 comparing to 12 times

increase after a heat shocked at 42.5�C for 1 h that showed

previously to be efficient to change LPS-induced expres-

sion of cytokines (Shi et al. 2006).

The thermotolerance process involves first exposing a

cell or whole organism to a sublethal heat stress

(*42�C). Thereafter, the cell or animal can survive an

otherwise lethal stress, such as heat or hypoxia (Mizzen

and Welch 1988; Wang et al. 2005). Interestingly, this

thermotolerant state is characterized by increases in cel-

lular Hsp72 (Mizzen and Welch 1988). One observation

in our study was that we found that an ex vivo heat shock

of 42.5�C induced a much greater increase in PBMC

Hsp72 compared to an acute bout of exercise in the heat

on days 1 and 10 of HA. Although, they were two dif-

ferent stimuli, it gives an idea of the level of Hsp72

induced by a well-known method to acquire thermotol-

erance. We speculate if exercise intensity or environ-

mental conditions were increased during the process of

HA to maintain core temperature at 39�C or higher, we

would have observed higher Hsp72 concentrations, closer

to the ex vivo heat shock values. Additionally, we

observed that HA blunted Hsp72 induction after ex vivo

PBMC heat shock. This result suggests that HA increased

the ‘‘stock’’ of Hsp72, thus possibly attenuating Hsp72

transcription and translation.

Although heat acclimation is recommended to athletes,

to persons in certain occupations, and to military per-

sonnel at risk of heat illness, it is surprising that only

recently have investigators begun to investigate the cel-

lular adaptations (Yamada et al. 2007; McClung et al.

2008; Watkins et al. 2008; Magalhães et al. 2010). The

present study was the first to test the hypothesis that

changes in protein expression with whole-body acclima-

tion in humans HA could modify the cellular response to

stressors normally experienced by heat stroke patients.

Although our results are negative, they extend the

knowledge about the heat acclimation process and insti-

gate new research on this issue. In conclusion, heat

acclimation increased cellular levels of Hsp72 but did not

change cellular tolerance against heat injury or modify

cytokine release. These data suggest that a 10-day heat

acclimation protocol, which limits core temperature to

less than 39�C, may not provide cell tolerance to stressors

normally experienced with heat stroke.
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